Abstract
Introduction
Spontaneous action potentials have been reported for the early embryonic (EE) stage in developing rodent ventricular myocytes, eventually disappearing to passive contracting cells in the late embryonic (LE) stage. Previous studies have demonstrated that the sarcoplasmic reticulum (SR) is scarce and poorly organized in EE ventricular cells [1] ; in rats, the transverse tubules (ttubules) of the ventricular cells begin to form postnatally [2] . In addition, Na + -Ca 2+ exchange plays an important role in neonatal cells with a morphologically sparse SR.
The relative significance of Ca 2+ release from the SR changes during the postnatal maturation of ventricular cells. Electron microscopic observation of rat ventricular cells has shown that the SR increases rapidly by 5-fold during early postnatal maturation, and that the SR to sarcolemma (SL) ratio reaches the adult level in a 22-dayold rat [1] (Figure 1 ). The relative extent of SR maturation is highly correlated with gestational age; the guinea pig heart exhibits a more extensive SR at birth compared to the rabbit heart [3] , and postnatal development increases the immature SR of the rabbit heart by approximately 3-fold [4] . Quantitative changes in the levels of SR-related proteins [5] [6] [7] are roughly proportional to changes in the SR volume [1] , indicating that the functional significance of the SR in cardiac Ca We have previously modeled the developmental changes in action potentials of rodent ventricular cells [8] and made various combinations of the model via switching ionic current densities of 9 ionic components to describe the contribution of each factor to the changes in action potential [9] , based on the Kyoto model [10] . In this study, we integrated the estimated current densities to model embryonic guinea pig ventricular cells and assumed a "middle embryonic" (ME) stage in addition to the early embryonic (EE) and late embryonic (LE) stages that we have modeled in our previous studies [8, 9] .
Methods
As shown in Figure 2 , the gestational period of the guinea pig is relatively longer than that of the rat and rabbit. We first defined the EE stage as 9-11 days postconception (dpc) and the LE stage as approximately 60 dpc. The long embryonic period of guinea pig ventricular cell development was divided into 10% increments starting from 0% (EE) to 100% (LE) (Figure 3 ). We then assumed that mice and rats at approximately 18 dpc roughly represent the stage corresponding to the 20% mark, and integrated ionic current densities obtained from mice and rats. Figure 3 summarizes the quantitative changes in representative ionic components in the model, and Tables 1 and 2 show the relative ratios for ionic currents and those for ion fluxes in the exchanger, pump, and SR Ca 2+ fluxes, respectively. As adult ventricular cells have no funny current (If) nor a sustained current (Ist), we estimated the conversion factors for these currents based on current-voltage curves of the currents in 9.5-and 18.5-dpc mouse ventricular cells (Table 3 ). Figure 3 . Developmental changes in ionic current densities of various ionic components. The embryonic period was separated by increments of 10% from 0% (early embryonic, EE) to 100% (late embryonic, LE). The "middle embryonic" (ME) stage was defined as 50%. Table 3 .
Estimated conversion factors for If and Ist
To assess the effect of quantitative changes in various components of the model as the t-tubule develops, we varied the "CICR" factor, which affects the transition from a closed state to an open state, of the ryanodine receptor (RyR) channel (Figure 4 ). All models were first simulated for 600 s, and the combinations that resulted in quiescent membrane potentials were externally stimulated by potassium ions at a frequency of 2.5 Hz for 600 s to pace the model. All simulations were based on the Dormand-Prince method as implemented in E-Cell Simulation Environment version 3 [11] .
3.
Results and Discussion Figure 5 shows changes in the amplitudes of half sarcomere lengths with an increasing CICR parameter, which represents t-tubule development. The amplitudes of half sarcomere lengths in ventricular cells at the ME stage were lower than those at the LE stage. This result is contradictory to the observation that the contractile force increases as ventricular cells develop; however, the contradiction merely reflects the fact that an increase in contractile proteins was not represented in the model. As such, the simulated results shown in Figure 5 are not quantitatively accurate; thus, we can only discuss the result on a relative basis. Figure 5 . Changes in the amplitudes of half sarcomere length with an increase in the Ca 2+ -induced Ca 2+ release (CICR) factor of the middle embryonic (ME, circles), late embryonic (LE, triangles), and adult (squares) ventricular cells.
As we increased the CICR parameter, which represents t-tubule development, from 0 to 300, the amplitudes of changes in half sarcomere lengths were increased in all models: ME, LE, and adult models ( Figure 5 ). The effect of increasing the CICR parameter was greatest in the adult model; the amplitude was approximately 0.009 μm when the CICR parameter was set to 0 and exponentially increased to 0.032 μm, which is more than a 3-fold increase, when the parameter was set to 90. Similarly, in the LE model, the amplitude increased from 0.007 μm to 0.023 μm as the CICR parameter was changed from 9 to 90. release (CICR) factor from 0 to 150. Black letters in white boxes represent relative current densities that were set to the middle embryonic (ME) stage, and white letters in black boxes represent those set to the late embryonic (LE) stage.
To identify the factors that contribute to enhancing the contractile force from the ME to LE stages, we used combinations in which the relative current densities were switched independently from ME to LE values. Figure 6 summarizes the simulated relative changes in the amplitudes of half sarcomere lengths when changing the CICR parameter from 0 to 150 in 64 combinations of the models. An increase in SR-related factors resulted in the largest change in the amplitude of half sarcomere length with a larger CICR parameter. By contrast, an increase in the L-type Ca 2+ current density had a negative impact on the amplitude as the CICR parameter increased. The remaining ionic components, including IK1 and the rapid component of delayed rectifying K + current (IKr), contributed to increasing the contractile force during ttubule development, indicating that changes in membrane potential indirectly affect the contractile force and are also related to t-tubule development.
Conclusions
We modeled developmental changes in guinea pig ventricular cells and identified the factors that enhance contraction of the cells with an increase in CICR. From the middle to late embryonic stages in guinea pig ventricular cells, almost all factors, except for an increase in the L-type Ca 2+ current density, contributed to increasing the amplitude of half sarcomere length along with an increase in the CICR parameter.
